Introduction
Many environmental chemical carcinogens damage DNA by generating oxygen radicals in cells. One of the major types of oxidative DNA damage is 8-hydroxyguanine (8-OH-Gua) (1) . The formation of 8-OH-Gua in nuclear DNA may play an important role in carcinogenesis because it causes GC -> TA transversions (2 The 8-OH-Gua repair activity in mammalian systems is induced after cells are exposed to oxidative stress by ionizing radiation (6) . We hypothesized that the induction of the 8-OH-Gua repair activity could be another biological marker of cellular oxidative stress, in addition to the increase in 8-OH-Gua in the DNA.
In this study, we treated rats with a renal carcinogen, ferric nitriloacetate (Fe-NTA), which causes renal proximal tubular necrosis as a consequence of iron-mediated peroxidation of the membrane lipids (7) , and finally leads to a high incidence of renal adenocarcinoma in rats and mice (8) . The level of 8-OH-Gua increases in the rat kidney DNA after the administration of Fe-NTA (9) . To confirm the involvement of oxygen radicals in Fe-NTA carcinogenesis, we measured the levels of 8-OHGua repair activities in the rat kidney after Fe-NTA administration.
Materials and Methods

Animal Treatment
Six-week-old male Wistar rats were sacrificed at 1, 6, 24, and 72 hr after the injection of Fe-NTA (15 mg Fe/kg body weight
[bw], intraperitoneal [ip] injection) and control rats were sacrificed at 24 hr after the injection of saline (7.5 ml/kg bw, ip).
Deternination of 8-Hydroxyguanine in DNA
The 8-OH-Gua level in the DNA was determined according to the method of Nakae et al. (10) with some modifications. Briefly, the organs were immediately homogenized by a potter-type homogenizer and were then centrifuged at 1,500xg for 15 min at 4'C to separate the nuclear fraction. The DNA was extracted from the nuclear fraction with a DNA Extractor WB Kit (Wako, Japan). Using this kit, more purified DNA was isolated from small samples (about 50 mg), as compared to previous methods. The extracted DNA was digested with nuclease P1 and acid phosphatase in a solution of 1 mM EDTA and 10 mM sodium acetate (pH 4.5). After incubation at 37'C for 30 min, the mixture was treated with ion exchange resin, Muromac (Muromachi Kagaku, Kogyo, Japan), and was centrifuged at 15,000 x g for 5 min. The supernatant was transferred to a tube with a filter (Millipore Samprep C, 0.2 pm), centrifuged at 5,000xg for 5 min, and injected into a high-performance liquid chromatography (HPLC) column (Beckman Ultrasphere-ODS, 5 pm, 4.6 x 250 mm) equipped with an electrochemical detector (ESA Coulochem II). Deoxyguanosine (dG; 0.5 mg/ml) and 8-hydroxydeoxyguanosine (8-OH-dG; 5 ng/ml) solutions were used as standard samples. The value of 8-OH-dG was calculated as the number of residues per 105 dG.
Measurement of 8-OH-Gua
Repair Activity
The endonuclease activities of the rat organs were assayed by a previously Environmental Health Perspectives * Vol 104, Supplement 3 -May 1996described method (11, 12) with some modifications. Briefly, 100 mg of each organ was homogenized in 300 pl of 50 mM Tris-HCI buffer (pH 7.5) containing protease inhibitors (5 pg/ml each of pepstatin, leupeptin, antipain, and chymostatin) with a potter-type homogenizer.
Homogenates were centrifuged at 10,000 xg to obtain the crude extracts; then the total protein concentrations were determined with a protein assay kit (Bio-Rad), using bovine serum albumin as the standard. The total protein concentration of the crude extracts was adjusted to 5 mg/ml. A 22 mer double stranded DNA containing 8-OHGua (5'-GGTGGCCTGACG*CATTCC-CCAA-3'; G*=8-OH-Gua), prepared by the method of Bodepudi et al. (13), was used as the substrate for this assay. The crude extract (50 pg protein) was incubated with 0.05 pmol of the [32P]-endlabeled double-stranded DNA substrate at 25°C for 1.5 hr. After two ethanol precipitations, the pellet was dried, dissolved in 10 pl of loading buffer (80% formamide, 10 mM NaOH, 1 mM EDTA, 0.1% xylene cyanol, 0.1% bromophenol blue), and denatured by heating at 90'C for 3 min. Ten microliters of the sample was applied to a 20% denaturing polyacrylamide gel for electrophoresis. For comparison, a hot piperidine-treated oligonucleotide was also analyzed as a fragment marker. After electrophoresis, the autoradiograms were processed and the radioactivity was analyzed using a Bioimage analyzer system (Fujix BAS 2000). The repair activity was expressed as the ratio of the excised fragment activity to the total activity (substrate activity plus fragment activity).
Results and Discussion
The 8-OH-Gua levels in the DNA increased significantly at 6 hr (p< 0.01 vs control) after the administration of Fe-NTA (15 mg Fe/kg bw, ip) (Figure 1 ), and their repair activities also increased significantly at 6 and 24 hrs (p < 0.01 vs control) ( Figure  2 ). The 8-OH-Gua levels in the DNA increased to a maximum level more rapidly than the repair activities. Thereafter, both of the 8-OH-Gua levels in the DNA and their repair activities decreased. It has been reported that oxidative stress plays an important role in Fe-NTA carcinogenesis. Umemura et. al. (9) reported that oxidative DNA damage, as measured by the 8-OH-Gua levels, increased in the rat kidney DNA after the administration of Fe-NTA. In their study, the 8-OH-Gua level in the DNA was 2 to 4/105 Gua. Using the new DNA isolation method, we also observed an increase in 8-OH-Gua, but its level was 0.5 to 1/105 Gua. Therefore, the background 8-OH-Gua level was reduced in our analysis.
In this study we found an increase in the 8-OH-Gua repair activity in the rat kidney after Fe-NTA treatment. This is the first report on the induction of a repair activity for oxidative DNA damage after treatment with a chemical carcinogen. The 8-OH-Gua levels in the DNA increased rapidly to reach a maximum level at 1 hr after administration and then decreased. The 8-OH-Gua repair activities increased at 1 hr, and the higher levels were maintained for 72 hr. These results indicate that the oxidative DNA damage, the formation of 8-OH-Gua, rapidly induces its repair enzymes. In the liver (nontarget organ), neither the 8-OH-Gua levels in the DNA nor their repair activities were significantly changed (data not shown). Therefore, both the increase in 8-OH-Gua levels in the DNA and the increase in their repair activities reflected the organ-specific carcinogenic potency of Fe-NTA in rats. These assays will be useful for evaluating the carcinogenicity of oxygen radical-forming chemicals.
